Shalev A. TXNIP regulates myocardial fatty acid oxidation via miR-33a signaling. Am J Physiol Heart Circ Physiol 311: H64 -H75, 2016. First published May 3, 2016 doi:10.1152/ajpheart.00151.2016.-Myocardial fatty acid ␤-oxidation is critical for the maintenance of energy homeostasis and contractile function in the heart, but its regulation is still not fully understood. While thioredoxin-interacting protein (TXNIP) has recently been implicated in cardiac metabolism and mitochondrial function, its effects on ␤-oxidation have remained unexplored. Using a new cardiomyocyte-specific TXNIP knockout mouse and working heart perfusion studies, as well as loss-and gain-of-function experiments in rat H9C2 and human AC16 cardiomyocytes, we discovered that TXNIP deficiency promotes myocardial ␤-oxidation via signaling through a specific microRNA, miR-33a. TXNIP deficiency leads to increased binding of nuclear factor Y (NFYA) to the sterol regulatory element binding protein 2 (SREBP2) promoter, resulting in transcriptional inhibition of SREBP2 and its intronic miR-33a. This allows for increased translation of the miR-33a target genes and ␤-oxidation-promoting enzymes, carnitine octanoyl transferase (CROT), carnitine palmitoyl transferase 1 (CPT1), hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA thiolase/enoyl-CoA hydratase-␤ (HADHB), and AMPK␣ and is associated with an increase in phospho-AMPK␣ and phosphorylation/inactivation of acetyl-CoA-carboxylase. Thus, we have identified a novel TXNIP-NFYA-SREBP2/miR-33a-AMPK␣/CROT/CPT1/HADHB pathway that is conserved in mouse, rat, and human cardiomyocytes and regulates myocardial ␤-oxidation.
overexpression suppresses thioredoxin activity and induces apoptosis (33, 40, 45) . On the other hand, we recently found that downregulation of TXNIP inhibits diabetes-induced cardiomyocyte apoptosis (5, 6) . TXNIP also appears to influence cardiac metabolism, including both mitochondrial function and glucose uptake/utilization (43) . However, despite the fact that fatty acid ␤-oxidation is essential for the heart's ability to generate energy and for the maintenance of myocardial energy homeostasis (26, 37) , the effects of cardiomyocyte TXNIP on ␤-oxidation have remained largely unexplored. Using a new cardiomyocyte-specific TXNIP knockout (cTKO) mouse and working mouse heart perfusions, the present studies were, therefore, aimed at determining the effects of TXNIP deficiency on myocardial ␤-oxidation and elucidating the molecular mechanisms involved.
MATERIALS AND METHODS
Animal studies. All mouse studies were approved by the University of Alabama at Birmingham Animal Care and Use Committee and conform to the National Academy of Sciences' Guide for the Care and Use of Laboratory Animals. The cTKO was generated using the Cre-loxP system. The floxed TXNIP mouse generated by flanking exons 2-8 of the TXNIP gene (total of 8 exons) by loxP sites has been described previously (7, 20) and backcrossed for 10 generations into the C57BL/6J background using mice obtained from JAX. Crossing these mice with the ␣MyHC-Cre mice also on the C57BL/6J background expressing the Cre recombinase under the cardiac-specific ␣-myosin heavy-chain (␣MyHC) promoter yielded the cTKO mice. Genotyping for Txnip lox/lox and ␣MyHC-creϩ/Ϫ was performed by PCR using the primers listed in Supplemental Table S1 .
Working mouse heart perfusions. Isolated working mouse heart perfusions were performed on 20-wk-old male control lox/lox and cTKO mouse hearts. [For consistency and to avoid variability due to sex-related differences in cardiac physiology and metabolism (10, 16, 41) , male mice were used throughout the studies.] Heart rates were 334 Ϯ 33 in lox/lox and 371 Ϯ 5 in cTKO. Metabolism and function were assessed at preload of 15 mmHg and afterload of 50 mmHg for 30 min. Concentrations of glucose, oleate, and insulin in the perfusate were 8 mM, 0.4 mM, and 10 U/ml, respectively, and oleate was conjugated to 3% BSA. Indices of metabolism, including oleate and glucose oxidation and contractile function, such as cardiac power and rate pressure product, were measured, as described previously (12, 38) . Reliance on exogenous (glucose and oleate) and endogenous substrate utilization was calculated as a percentage of oxygen consumption, similar to previously published studies (46, 47) .
Echocardiography. Echocardiography was performed for assessment of contractile function in vivo, as described previously (13, 38) . In brief, mice were anesthetized with 0.5-2% isoflurane in a 100% oxygen mix, and m-mode images were acquired using a Vevo 2100 imaging system. Images were taken at heart rates Ͼ400 beats/min to obtain measurements that are physiologically relevant.
Tissue culture. H9C2 rat cardiomyocytes (American Type Culture Collection, Manassas, VA) were maintained in DMEM modified to contain 4 mM L-glutamine, 4,500 mg/l glucose, 1 mM sodium pyruvate, 1,500 mg/l sodium bicarbonate, 1.8 mM CaCl2, and 0.8 mM MgCl2, pH 7.3, and supplemented with 10% FBS and 1% penicillinstreptomycin. The AC16 adult human ventricular cardiomyocyte cell line was maintained in DMEM-F12 (GIBCO cat. no. 11330-032) supplemented with 10% FBS and 1% penicillin-streptomycin. Both cell lines are widely used as in vitro models of ventricular cardiomyocytes and share multiple metabolic features including ␤-oxidation (21, 28) .
Quantitative real-time RT-PCR. Total RNA was extracted using RNeasy kit (Qiagen), according to the manufacturer's instructions.
One microgram of RNA was reverse-transcribed to cDNA using the first-strand cDNA synthesis kit (Roche, Indianapolis, IN). Quantitative real-time PCR was performed as described previously (7) using SYBR Green (Applied Biosystems, Foster City, CA), a LightCycler 480 System (Roche) and the primers listed in Supplemental Table S1 . miR-33 expression was quantified using a TaqMan microRNA Assay (Applied Biosystems). All gene and microRNA expression results were corrected for 18S and U6 run as internal standards, respectively, or transcript numbers were assessed and compared with cyclophilin, as described previously (14, 35, 48) .
RNA interference and microRNA overexpression. Cells were grown in six-well plates and transfected with specific siRNA oligos for Fig. 1 . Characterization of cardiomyocyte-specific TXNIP knockout (cTKO) mice. TXNIP mRNA level (A) and TXNIP protein level (B) in primary ventricular samples of cTKO and lox/lox control mice, comparison of TXNIP expression levels in different tissues of cTKO and control mice (C), body weight (D), and blood glucose (E) in cTKO and control mice. Twenty-week-old male mice (n ϭ 3 per group) were used; values are expressed as means Ϯ SE. **P Ͻ 0.005; ***P Ͻ 0.001; N.S., not significant (Student's t-test). Immunoblotting. Protein extracts were prepared using a lysis buffer containing HEPES (50 mM), Nonidet P-40 (10%), sodium fluoride (100 mM), sodium pyrophosphate (10 mM), EDTA (4 mM), PMSF (1 mM), leupeptin (2 M), activated sodium orthovanadate (2 mM), and okadaic acid (100 nM). Proteins were separated by 4 -20% SDS-PAGE, blotted onto PVDF membranes, and detected using the following primary antibodies: TXNIP (1:400) (JY2, MBL International, Woburn, MA), AMPK␣ (1:1,000), p-AMPK␣ (1:1,000), p-ACC (1: 600) (Cell Signaling Technology, Beverly, MA), CROT (1:400) (Novus Biologicals, Littleton, CO), CPT1a (1:500) and CPT1b (1: 1,000) (ProteinTech, Chicago, IL), HADHB (1:200) (Aviva Systems Biology, San Diego, CA), actin (1:2,000) (Abcam, Cambridge, MA), and the secondary antibodies: anti-mouse IgG (1:5,000) (Santa Cruz Biotechnology, Dallas, TX) and anti-rabbit IgG (Santa Cruz Biotechnology). Bands were visualized by ECL detection reagent (GE Healthcare Lifesciences Pittsburgh, PA) and were quantified by ImageQuant version TL (GE Healthcare Lifesciences Pittsburgh, PA).
E D
Chromatin immunoprecipitation. ChIP assays were performed as described previously (5) . In brief, 500 g of cross-linked H9C2 protein extracts (by BCA protein assay) were incubated overnight at 4°C with 10 g of NFYA antibody (sc-10779X) (Santa Cruz Biotechnology), or purified polyclonal IgG as a negative control (sc-2027) (Santa Cruz Biotechnology).
Statistics. Student's t-tests were used to calculate the significance of a difference between two groups. For data sets of more than two groups, we performed one-way-ANOVA calculations.
RESULTS

Myocardial fatty acid oxidation is increased in cardiomyo-
cyte-specific TXNIP knockout mice. To define the specific physiological role of TXNIP in cardiomyocytes and cardiac metabolism, we generated a cTKO mouse by crossing floxed TXNIP mice (7) with ␣MyHC-Cre mice (2) . Effective reduc- Numbers represent means Ϯ SE. All mice analyzed were age-matched, 16 -20 wk old males. All measurements were taken at heart rates Ͼ400 beats/min. cTKO, cardiomyocyte-specific TXNIP knockout mice; NS, not significant. tion of TXNIP expression and tissue specificity of the knockout were confirmed in the cTKO mice compared with control lox/lox littermates ( Fig. 1, A-C) . cTKO mice seemed to be overall healthy and were not distinguishable from control littermates. Also, in contrast to whole body TXNIP-deficient HcB-19 mice, which have increased adiposity and decreased blood glucose levels (7), the weight and blood glucose of cTKO mice was not significantly different from their control littermates, consistent with the cardiomyocyte-specific nature of this model (Fig. 1, D-E) .
Next, we used isolated working mouse heart perfusions to assess cardiac metabolism and discovered that cTKO hearts exhibited dramatically higher rates of fatty acid oxidation compared with control lox/lox littermates ( Fig. 2A) , indicating that TXNIP deficiency promotes myocardial ␤-oxidation. The observed increase in fatty acid oxidation in cTKO hearts was also associated with a significant decrease in glucose oxidation (Fig. 2B) , consistent with previous reports of decreased pyruvate dehydrogenase activity in hearts from TXNIP-null mice (43) .
Importantly, the observed changes in substrate utilization appeared to be independent of global alterations in contractile and/or mitochondrial function, as evidenced by the lack of significant differences in cardiac power, rate pressure product, myocardial oxygen consumption, and cardiac efficiency between cTKO and control hearts (Fig. 3, A-D) . Moreover, echocardiography did not reveal any notable differences in cardiac function or hypertrophy in vivo between cTKO and lox/lox control mice (Table 1) . Combined, these observations reveal that lack of cardiomyocyte TXNIP results in an altered metabolic status, wherein reliance on fatty acid oxidation increases concomitant with decreased reliance on glucose oxidation (Fig. 2C) , with no notable adverse effects on function.
TXNIP deficiency decreases cardiomyocyte mir-33a expression. To investigate the potential mechanisms responsible for the striking increase in ␤-oxidation in cTKO hearts, we performed an unbiased gene expression microarray (Supplemental Table S2 ). However, on the basis of an Ingenuity Pathway Analysis, the differentially expressed genes between cTKO and control littermate hearts did not seem to explain the observed increase in myocardial ␤-oxidation and the only gene found in the microarray that was related to the canonical ␤-oxidation pathway, isovaleryl-CoA dehydrogenase, was downregulated (Fig. 4) . Furthermore, quantitative real-time RT-PCR analysis of additional candidate genes known to promote cardiac ␤-oxidation [i.e., cytosolic acyl-CoA thioesterase (cte1) (also known as acyl-CoA thioesterase 1; ACOT1), medium-chain acyl-CoA dehydrogenase (mcad), and pyruvate dehydrogenase kinase isoenzyme 4 (pdk4) (14, 35) ] revealed that mRNA expression of these genes was not increased in Fig. 4 . Ingenuity pathways analysis canonical pathway of fatty acid ␤-oxidation. The array data set was overlaid on this canonical pathway. Gray diamond denotes only differentially regulated (downregulated) gene in cTKO hearts. 1.3.8.-denotes isovaleryl-CoA dehydrogenase (IVD). cTKO hearts ( Table 2) . Analysis of the microarray data for downstream targets of TXNIP signaling again showed that ACOT1 expression was downregulated rather than increased, consistent with the RT-PCR results, but did not reveal any additional clues in regard to gene expression and ␤-oxidation (Fig. 5) . Together, these observations suggested that TXNIP may influence fatty acid uptake and/or oxidation at a posttranscriptional level. Interestingly, we recently discovered that TXNIP acts as a powerful regulator of microRNA expression in pancreatic ␤-cells (42) , raising the possibility that it may also do so in cardiomyocytes. MicroRNAs are small, noncoding RNAs of roughly 22 nucleotides that bind to complementary 3=UTR sequences and affect mRNA translation or stability of target genes (24, 36) .
Therefore, we next investigated whether any particular microRNA(s) had been shown to be involved in ␤-oxidation and, indeed, found very strong evidence that in liver cell lines miR-33a controls ␤-oxidation by targeting and downregulating three key enzymes: 1) carnitine octanoyl transferase (CROT), which is responsible for the transport of medium-and longchain Acyl CoAs out of the peroxisome and into the cytoplasm and mitochondria; 2) carnitine palmitoyltransferase 1a (CPT1a), which is associated with the outer mitochondrial membrane and mediates the transport of long-chain fatty acids across the membrane; and 3) hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA thiolase/enoyl-CoA hydratase ␤-subunit (HADHB) (also known as acetyl-CoA acyl transferase) the ␤-subunit of the mitochondrial trifunctional protein that catalyzes the last three steps of long-chain fatty acid beta-oxidation (9, 17, 31) . Furthermore, miR-33a has also been shown to target AMP-activated protein kinase (AMPK␣) (15, 29, 31) , a major regulator of cellular energy homeostasis (11) that promotes ␤-oxidation by phosphorylating and inactivating acetylCoA carboxylase (ACC2), leading to decreased malonyl-CoA and, thereby, relieving the inhibition on CPT1 (39) . Therefore, we hypothesized that TXNIP might control ␤-oxidation by modulating miR-33a expression. Consistent with this hypothesis, we discovered that miR-33a expression was significantly lower in left ventricular samples of cTKO mice compared with lox/lox controls (Fig. 6A) . Moreover, specific knockdown of TXNIP in rat H9C2 cardiomyocytes, as well as in human ventricular AC16 cardiomyocytes, also led to a dramatic decrease in miR-33a expression (Fig. 6, B and C) , confirming that the effects were truly mediated by the decrease in TXNIP expression and occurred in other species, including humans. (While there is also a miR-33b in larger mammals and humans, no miR-33b expression was detectable in our human cardiomyocytes, and we, therefore, continued to focus on miR-33a.).
Decreased myocardial mir-33a expression in cTKO mice results in upregulation of mir-33a targets that promote fatty acid oxidation. Consistent with the decrease in miR-33a, deletion of cardiomyocyte TXNIP expression led to elevated protein levels of the miR-33a targets CROT, CPT1a, and HADHB in ventricular samples of cTKO mice compared with lox/lox control littermates (Fig. 7, A-C) . On the other hand, CROT, CPT1a, and HADHB mRNA expression was not significantly altered in cTKO hearts or H9C2 cells with TXNIP knockdown (data not shown), consistent with the lack of hits in our gene expression microarray study and the notion that miR-33a is regulating target gene expression primarily at the translational level (17) . Moreover, the lack of cardiomyocyte TXNIP was also associated with significantly higher protein levels of another miR-33a target, AMPK␣, and this was associated with increased levels of activated/phosphorylated AMPK␣ (p-AMPK␣; Fig. 7D ). In addition, the increase in p-AMPK␣ also enhanced phosphorylation/inactivation of ACC2 (Fig. 7E) . Of note, the 3=UTRs of AMPK␣, CROT, CPT1a, and HADHB contain a highly conserved miR-33a binding site (Fig. 8) , and 3=UTR regulated luciferase reporter assays previously confirmed direct targeting of AMPK␣, CROT, CPT1a, and HADHB by miR-33a (9, 17, 18) . Taken together, this further supported our hypothesis and suggested that the lack of cardiomyocyte TXNIP was leading to decreased miR-33a expression, which, in turn, released CROT, CPT1a, HADHB, and AMPK␣ from their translational inhibition by this microRNA and, thereby, could explain the increase in ␤-oxidation observed in cTKO hearts.
TXNIP knockdown upregulates fatty acid oxidation enzymes, and mir-33a overexpression blunts this effect. To further confirm the role of miR-33a downregulation in the induction of fatty acid oxidation enzymes in response to TXNIP deficiency, we tested whether miR-33a overexpression could attenuate the effects of TXNIP knockdown. Transfection of H9C2 cells with siTXNIP resulted in effective knockdown of TXNIP protein levels, and this was not affected by miR-33a overexpression (Fig. 9A) . Interestingly, while knockdown of TXNIP in H9C2 cardiomyocytes resulted in a highly significant increase in CROT, CPT1a, and HADHB protein levels, similar to that observed in cTKO ventricular samples, simultaneous overexpression of miR-33a completely blunted these effects (Fig. 9,  B-D) . Similarly, TXNIP knockdown also led to an increase in AMPK␣, p-AMPK␣, and p-ACC2, and miR-33a overexpression prevented these effects, underlining the importance of this microRNA (Fig. 9, E and F) . While CPT1a plays an important role in ␤-oxidation in the newborn heart, the major CPT1 isoform playing a rate-limiting role in mitochondrial fatty acid oxidation in the adult heart is CPT1b (3, 19) . Therefore, we also assessed the effects of TXNIP deficiency on CPT1b and interestingly found that CPT1b levels were significantly increased in hearts of cTKO mice (Fig. 10A) . Furthermore, TXNIP knockdown in H9C2 cardiomyocytes resulted in a very similar increase in CPT1b levels, and miR-33a overexpression again completely blunted this effect (Fig. 10B) . Together, these results suggest that miR-33a downregulation in response to TXNIP knockdown was, indeed, conferring the observed changes promoting fatty acid oxidation. Moreover, they reveal the existence of a novel TXNIP-miR-33a-CROT/CPT1/ HADHB/AMPK␣ pathway in cardiomyocytes.
TXNIP controls mir-33a expression by promoting transcription of its host gene SREBP2. miR-33a is encoded in intron 16 of the human and rat (and intron 17 of the mouse) SREBP2 gene, a basic-helix-loop-helix leucine zipper transcription factor involved in sterol biosynthesis (31) . The transcription of miR-33a is, therefore, under the control of a shared SREBP2/ miR-33a promoter. To help determine the mechanism by which TXNIP induced miR-33a expression, we next investigated whether TXNIP deficiency also downregulated SREBP2 mRNA expression. We found that SREBP2 expression was indeed significantly lower in ventricular samples of cTKO mice compared with control lox/lox animals ( Fig. 11A) and was also significantly decreased by TXNIP knockdown in rat H9C2 cardiomyocytes (Fig. 11B) , as well as in human ventricular AC16 cardiomyocytes (Fig. 11C) . These results suggested that TXNIP regulation of miR-33a occurs at the transcriptional level and in parallel to the regulation of its host gene SREBP2, indicating that the shared SREBP2/miR-33a promoter might be conferring the effects.
NFYA mediates the TXNIP effects on SREBP2 and mir-33a. While posttranslational modification and nuclear localization of SREBP2 have been widely studied, the understanding of its transcriptional control is limited to older gel shift experiments, which have suggested binding of the transcription factor nuclear factor-Y (NFY) to the SREBP2 promoter region (32) . Consistent with these earlier observations, our MatInspector analysis revealed a highly conserved inverted CCAAT box NFY-binding site in the SREBP2 promoter (Fig. 11D) . NFY is a ubiquitously expressed, bifunctional, trimeric transcription factor, and sequence specificity of its interaction with DNA is conferred by the ␣-subunit, NFYA, which is, therefore, considered the regulatory subunit (4, 49) . NFYA knockdown in our cardiomyocytes resulted in significantly higher mRNA expression of SREBP2 and miR-33a (Fig. 11, E and F) supporting the notion that NFYA was acting as a transcriptional inhibitor at the SREBP2 promoter. This is also in alignment with our recent findings, in which NFY was found to function as a transcriptional repressor in cardiomyocytes (5) . If NFYA were, indeed, mediating the effects of TXNIP deficiency on miR-33a, we would expect TXNIP knockdown to increase NFYA binding to the SREBP2 promoter, which would then lead to inhibition of SREBP2 and miR-33a transcription. In fact, this is exactly what we observed in our chromatin immunoprecipitation (ChIP) studies (Fig. 11G) . Not only did we find strong NFYA binding at the SREBP2 promoter, providing proof of this interaction, but NFYA occupancy was also significantly increased in response to TXNIP knockdown, whereas GAPDH and IgG negative controls showed no enrichment.
To further assess whether the effects of TXNIP knockdown on NFYA binding to the SREBP2 promoter were specific, we also investigated the effects on another NFYA target gene, Shc transforming protein (Shc1). Shc1 was initially discovered as a NFY target in a liver cell ChIP-genome tiling array study (30) , and we previously reported that NFY binds to the Shc1 promoter in cardiomyocytes (5). Consistent with this notion, our ChIP studies showed NFYA occupancy of the Shc1 promoter, while GAPDH and IgG negative controls showed no enrichment (Fig. 12A) . However, in contrast to SREBP2, TXNIP knockdown did not alter NFYA binding to the Shc1 promoter and did not affect Shc1 expression in H9C2 cardiomyocytes (Fig. 12B) . Also, unlike SREBP2 expression, which was downregulated in mouse left ventricular cTKO samples (Fig. 11A) , Shc1 expression was not at all decreased in cTKO hearts (Fig. 12C) . These results suggest that TXNIP deficiency does not lead to a general increase in NFYA binding to other transcriptional targets and that the observed effects might be specific to SREBP2.
We next investigated whether NFYA knockdown could prevent the effects of TXNIP deficiency on SREBP2 and miR-33a expression. While TXNIP knockdown again led to a significant decrease in SREBP2 and miR-33a expression, simultaneous knockdown of NFYA completely blunted these effects and normalized SREBP2 and miR-33a expression levels (Fig. 11, H and I) . Similarly, in human ventricular AC16 cardiomyocytes, TXNIP knockdown also significantly lowered SREBP2 and miR-33a expression, while NFYA knockdown abolished these effects completely (P Ͻ 0.05) (data not shown). These findings strongly suggest that TXNIP deficiency downregulates miR-33a by promoting binding of inhibitory NFYA to the shared SREBP2/miR-33a promoter and underline the critical role that this transcription factor plays in these effects and in linking TXNIP to miR-33a. They, thereby, also provide for the first time insight into the upstream signaling mechanisms that control miR-33a expression.
Combined, these findings reveal a novel pathway, in which cardiomyocyte TXNIP deficiency leads to increased binding of NFYA to the SREBP2 promoter, resulting in transcriptional inhibition of SREBP2 and intronic miR-33a. The decrease in miR-33a levels, in turn, releases the 3=UTRs of AMPK␣, CROT, CPT1, and HADHB from the inhibition by this microRNA, allowing for increased translation of these critical ␤-oxidation enzymes and activation of myocardial fatty acid oxidation as observed in the working heart perfusions of the cTKO mice. The increase in AMPK␣ is also associated with an increase in phosphorylated/activated AMPK␣, which promotes phosphorylation and inactivation of ACC2, further supporting an increase in ␤-oxidation (Fig. 13) .
DISCUSSION
In summary, we have discovered that TXNIP regulates myocardial fatty acid oxidation via miR-33a signaling and have identified of a novel, regulatory TXNIP-NFYA-SREBP2/ miR-33a-AMPK␣/CROT/CPT1/HADHB pathway.
While microRNAs are increasingly recognized as important regulators of gene expression in many organ systems, including the heart (1, 23, 25) , this is the first demonstration that miR-33a is involved in myocardial biology and is part of a previously unappreciated signaling cascade that is highly conserved in mouse, rat, as well as human cardiomyocytes and that links TXNIP to myocardial ␤-oxidation. On the other hand, our results showing that alterations in miR-33a expression control myocardial levels of the fatty acid oxidation enzymes CROT, CPT1, and HADHB are consistent with previous findings in liver cells, where miR-33a has been shown to target and modulate cholesterol homeostasis and ␤-oxidation (9, 17, 31) . miR-33a has also been shown to directly target AMPK␣ (9, 15, 17, 18, 29, 31) , and in alignment with this notion, we found AMPK␣ to be activated in TXNIP-deficient cTKO hearts and to phosphorylate and inactivate its downstream target ACC2. By inactivating ACC2 and leading to decreased malonyl-CoA, AMPK␣ also promotes ␤-oxidation (39). Furthermore, AMPK␣ has been shown to promote glucose uptake and glycolysis (39) and AMPK␣ activation, as found in our present studies in response to TXNIP deficiency, may also help explain the increased glucose uptake recently reported in hearts of TXNIP-null mice (43) . The study of downstream targets of microRNAs has evolved rapidly, but the analysis of their upstream regulation has proven to be very difficult and has been lagging behind. In this regard, our results also provide a major advance, as they demonstrate for the first time that miR-33a expression is controlled by TXNIP and that this effect is mediated by NFYA. As demonstrated by the NFYA ChIP studies, NFYA binding to the SREBP2/miR-33a promoter was increased in response to TXNIP knockdown, resulting in decreased SREBP2 and miR-33a expression, consistent with NFYA acting again as a transcriptional repressor (5). This effect seems further to be specific for SREBP2/miR-33a, as TXNIP knockout did not affect NFYA-mediated transcription of other bona fide target genes, such as Shc1. The fact that NFYA knockdown completely reversed the effects of TXNIP deficiency further supports the role that this transcription factor plays in conferring the TXNIP effects on miR-33a.
Interestingly, oxidative stress has recently been shown to induce SREBP2 (8), the host gene of miR-33a, raising the possibility that miR-33a would also be upregulated by oxidative stress. This notion is consistent with our current findings as TXNIP is known to induce oxidative stress (22, 27) , and in our case, TXNIP deficiency resulted in decreased SREBP2 and miR-33a expression.
While previous studies using HcB-19 mice harboring a TXNIP nonsense mutation failed to reveal a significant effect on cardiac ␤-oxidation (34), our studies using cTKO mice with cardiomyocyte-specific TXNIP deletion now clearly demonstrated an improvement in myocardial fatty acid oxidation. This difference could be explained by confounding effects, such as the hyperinsulinemia, found in HcB-19 mice with whole body TXNIP deficiency (7), yet absent in our cTKO mice with cardiomyocyte-specific deletion of TXNIP. On the other hand, the decrease in glucose oxidation observed in our cTKO hearts is consistent with findings in HcB-19 mice (34), as well as with recent reports of decreased pyruvate dehydrogenase activity in hearts from TXNIP-null mice (43) .
Taken together, our results have identified a novel TXNIP-NFYA-SREBP2/miR-33a-AMPK␣/CROT/CPT1/HADHB signaling pathway that regulates myocardial fatty acid oxidation, a process that is essential for the maintenance of myocardial energy homeostasis. They, thereby, shed new light on cardiac physiology and on the role of TXNIP and microRNA signaling in the heart.
